To understand how odor information is represented and processed in the antennal lobe (AL) of
Introduction
Most naturally occurring odors are mixtures of many chemical compounds. Often the identity of individual components themselves is lost in the blend, suggesting that the codes for each component interact in the nervous system to modify their individuality.
There is a long tradition in studying behavioral responses to odor mixtures both in vertebrates (Laing and Francis, 1989; Kay et al., 2003 Kay et al., , 2005 Wiltrout et al., 2003; Cometto-Muniz et al., 2005) and invertebrates (Derby et al., 1996; Smith, 1998; Deisig et al., 2003) , and technical advances have recently allowed a physiological approach. Studies in vertebrates analyzed the peripheral level (Duchamp-Viret et al., 2003; Oka et al., 2004) , the olfactory bulb (Giraudet et al., 2002; Tabor et al., 2004; Lin et al., 2005) and the olfactory cortex (Lei et al., 2006; Zou and Buck, 2006) . Several studies in invertebrates have focused mostly on the peripheral aspects (Akers and Getz, 1993; Derby, 2000; Deisig et al., 2006; Carlsson et al., 2007) . For the antennal lobe (AL), the insect analog of the olfactory bulb, odor mixtures were studied in the pheromone system of moths and locusts (Christensen and Hildebrand, 1987; Hansson, 1996, 1998; Hansson and Anton, 2000) and with respect to temporal aspects (Lei et al., 2002; Heinbockel et al., 2004) . In this study, we make quantitative predictions about neuronal responses to odor mixtures in the AL of Drosophila. These predictions can unveil network interactions, bringing us forward in our quest to understand neural processing.
In Drosophila each olfactory sensory neuron (OSN) expresses one (or two) class-specific odor receptors (ORs), and all OSNs expressing the same OR generally innervate one of ϳ50 glomeruli (Couto et al., 2005; Fishilevich and Vosshall, 2005) . Insect glomeruli are the interaction sites between OSNs, local neurons (LNs) and projection neurons (PNs), which correspond to vertebrate mitral/tufted cells. OSN activity is not simply relayed to the PNs in the AL, but is modified by interaction with the LN network (Wilson et al., 2004; Wilson and Laurent, 2005; Shang et al., 2007) . Around 100 LNs branch across AL glomeruli, most of which innervate all or most glomeruli (Stocker et al., 1990; Ng et al., 2002; Wilson and Laurent, 2005; Shang et al., 2007) . In contrast, most PNs branch in only one glomerulus (Marin et al., 2002; Wong et al., 2002) .
The stereotypic organization of the Drosophila olfactory system, its relative simplicity, and the availability of genetic tools offer an ideal model to analyze odor-mixture coding. We have therefore measured odor-evoked calcium responses at the input and output of the AL network in identified glomeruli across many animals. Thus, we quantified the odor information fed into the network (OSN input) and the result of network processing (PN output). In addition, we used pharmacological tools to gain information about the role of specific network components. We present evidence showing that glomerulus specific modulation alone. Glass vials were sealed with aluminum ring caps with a siliconTeflon septum. Beside the dilution in the solvent mineral oil, odors were further diluted 1:6 in the air stream.
The switch between air and odor was performed by simultaneously activating two pinch valves (two-way solenoid pinch valves; Farmington Engineering, Madison, CT), one placed before the odor/air vial and the other one after the odor/air vial. Two valves for each channel, one before and one behind the odor-containing vial, were required to avoid contamination by passive odor diffusion. After the second set of valves all odor channels were plugged to a six-to-one Teflon manifold with a small mixing chamber. The output of the manifold ( ϭ 1 mm) was directed to the fly antennae. To achieve the same concentration for the single odors and the odors in the binary mixture, two channels were simultaneously opened for all stimulations (e.g., 1-hexanol plus mineral oil, 2-heptanone plus mineral oil, or 1-hexanol plus 2-heptanone). Odors were also presented at double concentration opening two channels containing the same odor simultaneously. An air exhaust was placed behind the preparation to rapidly eliminate the odor molecules from the fly's environment.
For the experiments in Figures 3-5, a main air flow (11 min) was directed to the fly through a glass tube (ϳ5 mm diameter). A secondary air stream was added through a lateral hole in the glass tube (150 ml/ min). The secondary air stream was added to the main air stream with a 6:1 Teflon manifold, which collected the double outputs of three magnetic valves (The Lee Company, Westbrook, CT). Each magnetic valve had two positions. In the closed position air was guided to the manifold through an empty Pasteur pipette and in the open position through a Pasteur pipette containing two round filter papers ( ϭ 1 cm) loaded with 20 l of odor dilution or mineral oil. All odors were diluted 1:100 in mineral oil. Odor mixtures were achieved by simultaneous switching of two or three valves. Odor-loaded Pasteur pipettes were disconnected from the valves immediately after each block of stimulations (three single odors plus four mixtures) and clean air was flushed through the valves for 1 min to avoid contamination. Filter papers were replaced after each experiment. The following odors were used: 1-butanol, isopentyl acetate, propionic acid, 2-heptanone, and 1-hexanol. The following binary and ternary mixtures were tested: 1-butanol/isopentyl acetate; 1-butanol/ propionic acid; propionic acid/isopentyl acetate; 1-butanol/pentyl acetate/propionic acid; 1-hexanol/2-heptanone, 1-hexanol/propionic acid; 2-heptanone/propionic acid; and 1-hexanol/2-heptanone/propionic acid.
Odors were acquired from Sigma, and were of the highest purity available. New odor dilutions were prepared every week for the first experiment set, and once every month for the second set. Odor presentation lasted 1 s in all experiments. Odors were presented in a pseudorandomized sequence across animals. In all cases, odor mixtures were performed in such a way that the concentration of each component was the same during the single odor presentation and the presentation in the mixture. Thus, the total amount of odor molecules was higher during mixture presentation.
Pinch valves and magnetic valves were activated by a 12 V pulse given by a VC6 controller unit (perfusion valve system; Warner Instruments, Hamden, CT). Stimulation was controlled electronically with custom written software (Olfastim; provided by Alexander Galkin, Free University of Berlin, Berlin, Germany), which sent digital pulses to the corresponding channels through a USB digital-analog converter (Mem-Pio; BMC Messsysteme, Maisach, Germany).
Odor concentration was in the lower part of the dynamic range of the concentration-response curve for all odors (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material) (our unpublished observation).
Pharmacology. A stock solution of Picrotoxin (Sigma) was prepared with DMSO (100 mM) and aliquots were kept protected from light at Ϫ20°C. Before each experiment, the stock solution was further diluted in Ringer's solution to achieve a final concentration of 5 M. In each stimulation block, the two single odors and their mixture were presented with an ISI of 2 min. After two such blocks, the Ringer's solution covering the brain was exchanged with a solution containing PTX. After 2 min the stimulation block was presented again twice. Then, the PTX solution was removed by suction and the brain was flushed with Ringer's solution several times. The stimulation block was presented again twice after washing. Odor sequence within each stimulation block was changed in a pseudorandomized way within and between experiments.
The concentration of PTX was set to 5 M because concentrations of 10 M and higher induced spontaneous calcium waves in the AL, which made it impossible to analyze the data. Control application of DMSO 0.005% (v/v) alone produced no changes in response amplitude or temporal dynamic (supplemental Fig. 4 , available at www.jneurosci.org as supplemental material).
Data analysis. Flies with reliable calcium responses throughout the protocol and no or negligible responses to mineral oil were considered for data analysis. Data were processed with custom made routines written in IDL (Research Systems, Boulder, CO). First, films were corrected for lateral movement artifacts using anatomical landmarks. A bleach correction was performed by fitting a logarithmic function of the form F(t) ϭ a ϫ e (bt ) ϩ c to the average light intensity change in the AL over time, excluding those frames covering 4.5 s after stimulus onset. After bleach correction, the relative calcium change was calculated for each frame i as (⌬F/F ) i (%) ϭ (F(i) Ϫ F 0 )/F 0 ϫ 100, where F(i) is the absolute fluorescence of the ith frame and F 0 the average fluorescence of the five frames before stimulus onset (background fluorescence).
Color-coded images were generated by taking the average fluorescence of four frames during stimulation minus the average fluorescence of the four frames before stimulus. A Gaussian filter was applied to these images (with a three pixel kernel) to reduce noise.
To identify the glomeruli, a set of odors was presented at a concentration that only elicits responses in one or few known classes of OSNs (de Bruyne et al., 2001; Hallem et al., 2004; Couto et al., 2005; Fishilevich and Vosshall, 2005; Pelz et al., 2006) . Glomerulus identification was also performed based on anatomical cues. Some glomeruli could be reliably identified in all flies but not assigned to a glomerulus in the Drosophila antennal lobe atlas (Laissue et al., 1999) because of the lack of spatial resolution. The following landmark odors and concentrations were used for glomerulus identification: ethyl-hexanoate 10 Ϫ6 (v/v) for DM2; pentyl acetate 10 Ϫ6 (v/v) for DM3, E2-hexenal 10 Ϫ4 (v/v) for DL5, and ethyl-3-hydroxybutyrate 10 Ϫ6 (v/v) for DM5. VA11m was identified because of its location at the point where the antennal nerve enters the AL. Glomerulus X1 was characterized by its response to 1-butanol and 1-hexanol and could correspond to glomerulus DC2 because of its position. Glomerulus X2 was activated by 1-butanol and was located next to glomerulus DM5. This glomerulus could correspond to VM2 because of its position. Glomerulus X3 was characterized by its negative response to propionic acid in the OSNs and the vicinity to a glomerulus activated by 1-butanol (X1).
For time traces, the average light intensity of a 7 ϫ 7 pixel square (corresponding to 2.6 ϫ 2.6 m) for each glomerulus was calculated. The response amplitude was calculated in the same way as the color-coded images (see above).
The time to maximum was calculated as the time (in milliseconds) from stimulus onset to the maximum of the calcium response (see Fig. 6 ).
Statistical analysis. Additional analysis was performed with Microsoft Excel (Office 2003; Microsoft, Redmond, WA), R (http://www. R-project.org), SigmaStat (SPSS, Chicago, IL), and Statistica (Statsoft, Tulsa, OK).
For each glomerulus and mixture, the lower bound was calculated as the response to the strongest component. The upper bound was the response to a twofold higher concentration of the same odor. This test is based on the null hypothesis explained in the Results (supplemental Fig.  1 B, available at www.jneurosci.org as supplemental material). A singletailed Wilcoxon signed rank test (␣ ϭ 0.025) comparing the measured response to the mixture and the lower or upper bound was performed for each glomerulus (in the second set of experiments only the lower bound was available and tested). In OSNs, some glomeruli showed negative responses to some odors. Because the null hypothesis does not apply to negative responses (see Results) (supplemental Fig. 1C , available at www. jneurosci.org as supplemental material), all odor mixtures that contained components that evoked negative responses were excluded from the statistical analysis and evaluated qualitatively.
In the pharmacological experiment, a two-way repeated-measures ANOVA was performed for each glomerulus. Planned comparisons between the response to the mixture and the lower bound in each treatment phase (odor effect; levels, 2-heptanone, 1-hexanol and mixture) and between the responses to each odor under the different treatments (treatment effect; levels, Ringer's solution and PTX) were performed using contrasts for the least square difference means (general linear model, performed with Statistica). A two-way repeated-measures ANOVA was performed to compare the time to reach maximum for the different odors and treatments. In all cases the first presentation of each stimulus under control conditions (Ringer's solution) was compared with the second presentation during the PTX treatment (see above) for each odor. Because not all animals gave reliable responses after PTX treatment, the wash phase of the experiment was left out of the statistical analysis.
The box plots in Figures 1 D, 2C , and 5A contain the following information: the whiskers correspond to Ϯ 1.5 ϫ interquartile range (IQR). The hinges correspond to Q 25 and Q 75 (first and third quartiles). The line in the middle of the box shows the median of the distribution. The notches represent Ϯ1.58 ϫ IQR/ ͌ N, and give a rough idea of the 95% confidence interval for the difference between two medians (in cases of similar N ) (McGill et al., 1978) . In Figure 5A , the width of the boxes is proportional to the number of observations.
Results
To understand the way in which the AL network of Drosophila processes olfactory information, we analyzed the glomerular responses to a series of monomolecular odorants and their binary and ternary mixtures. Odor-evoked calcium changes were measured in OSNs and PNs.
The null hypothesis
As a first step in the analysis of mixture representation and processing it is necessary to establish what would be the expected response to an odor mixture in the absence of interactions between its components. Because the response profile of OSNs in Drosophila is determined by the OR they express (Hallem et al., 2004) and each glomerulus receives input from only one class of OSNs, we can base the predictions about the expected outcome in the case of no interaction on a model of two ligands binding a single receptor binding site (Tabor et al., 2004) . If component A is the best ligand in a mixture of A and B, and the concentrations of A and B are within the dynamic range of the concentrationresponse relationships for that receptor, the stimulation with AB should result in one of the following cases: (1) Fig. 1 B, available at www.jneurosci. org as supplemental material). In the case of the olfactory system, mixture suppression or synergism can arise at the receptor level (e.g., when B is a competitive antagonist of A), or at the level of the neural network. This null hypothesis is only valid for mixtures whose components elicit increases in neuronal activity (positive components), and not for those with components that decrease neuronal activity (negative components). Mixtures containing positive and negative components might not fulfill the assumption that all components bind to the same receptor site. In such cases, we defined the no-interaction interval as the interval between the responses to both components (supplemental Fig. 1C , available at www.jneurosci.org as supplemental material). Finally, the case of mixtures containing only negative components must be treated separately because their concentrationresponse curves are not monotonic (data not shown).
Representation of single odors and binary mixtures
We first analyzed the response patterns of OSNs and PNs in flies stimulated with 1-hexanol (single and double concentration), 2-heptanone (single and double concentration), and their binary mixture. Colorcoded pictures of the odor-evoked calcium responses are shown in Figure 1 A (movies of these measurements are available at http:// neuro.uni_konstanz.de/silbering). Odor responses were reliable across animals, with 2-heptanone activating glomeruli DM2 and DM3 and 1-hexanol activating glomeruli DM5 and X1 ( Fig. 1 A, B) . A twofold increase in odor concentration induced responses of higher amplitude (1-3% response increase). Other glomeruli were active only in some animals, or could not be unambiguously identified. Responses followed a monophasic time course: calcium concentration increased rapidly with stimulus onset and decreased after reaching a maximum at or briefly after stimulus offset.
The glomerular response pattern to the binary mixture qualitatively corresponded to the combined response patterns to the single odors: all glomeruli present in the response pattern of either component were also active after stimulation with the mixture, and no new glomeruli were recruited ( Fig. 1 A,B) . No qualitative differences were found in the time course of the responses between the single components and the mixture (Fig. 1 B) .
To analyze the existence of mixture interactions we measured the amplitude of the response to each component and the mixture, and defined the lower and upper bound of the no-interaction interval for each glomerulus (see above and Materials and Methods).
For OSNs, the amplitude of the response to the mixture was within the no-interaction interval in all glomeruli (Fig. 1C ). In contrast, PN responses to the mixture were significantly lower than the lower bound in glomeruli DM2 and DM5 (Wilcoxon signed rank test, p Ͻ 10 Ϫ4 ; n ϭ 22), and were within the no interaction interval for X1 and DM3 ( p Ͼ 0.1). The lack of mixture suppression in the OSNs could evidence the lack of interaction of the two odors at the peripheral level, (Or83b:Gal4+UAS:G-CaMP) (GH146:Gal4+UAS:G-CaMP) Figure 1 . Representation of odor mixtures in the AL shows mixture suppression in PNs. A, Color-coded odor response patterns and anatomical view (raw fluorescence) for one fly for OSNs (left) and one fly for PNs (right). 2-Heptanone (2hep) and 1-hexanol (1hex) were presented alone [at onefold (1ϫ) and twofold (2ϫ) concentration] and together as mixture (2hep ϩ 1hex; 1ϫ each). The mask overlaying the left ALs shows the position of four identified glomeruli. The numbers on the color scale indicate the maximum and minimum ⌬F/F (%), the black line is ⌬F/F ϭ 0. AN, Antennal nerve; C, commissure. Scale bar, 50 m. V* and D* correspond to the ventral and dorsal directions, respectively, tilted from the neural axis (supplemental Fig.  1 A, available at www.jneurosci.org as supplemental material). B, Median time traces of the responses to 2hep (1ϫ and 2ϫ), 1hex (1ϫ and 2ϫ), and the mixture measured in glomeruli DM2, DM3, DM5, and X1 (for details on glomerulus identification, see Materials and Methods; see scheme for glomerulus localization). The time of odor stimulation (1 s) is indicated by the black bar below each trace group. Scale bar: 2.5% ⌬F/F for OSNs and 2% ⌬F/F for PNs n as in C. C, Box plots of OSN (left) and PN (right) responses to the best odor at 1ϫ concentration (lower bound), the mixture (2hep ϩ 1hex), and the best odor at 2ϫ concentration (upper bound) in each analyzed glomerulus. 2-Heptanone was the best odor for glomeruli DM2 and DM3; 1-hexanol was the best odor for glomeruli DM5 and X1. Asterisks indicate the two cases in which the response to the mixture was significantly lower than the lower bound ( p Ͻ 0.05, Wilcoxon's test for paired samples; n lower bound OSN ϭ 23 animals, n upper bound OSN ϭ 22, n lower bound PN ϭ 22, n upper bound PN ϭ 17).
or could be caused by masking of small signal decreases by scattered light from neighboring glomeruli.
To exclude the possibility that mixture interactions in OSNs might have been masked by light scattering, we repeated the experiment in flies where the expression of G-CaMP was restricted to single glomeruli. Expression in glomeruli DM2, DM5, and DM3 was driven by the promoter regions of OR22a and OR33b respectively (Fishilevich and Vosshall, 2005) . Color-coded responses and morphological views are shown in Figure 2 A. For glomeruli DM2 and DM3, no mixture interaction was found at the single glomerulus level: the response to the binary mixture was between the lower and upper bound (Fig. 2 B, C) . In glomerulus DM5, however, responses to the mixture were below the lower bound (Wilcoxon signed rank test, p Ͻ 0.001; n ϭ 16). Summing up, we found mixture suppression in glomerulus DM5 at the level of the OSNs. This could result from interactions at the receptor-ligand level or they could be mediated by the AL network, e.g., through presynaptic inhibitory input onto OSN axons. Mixture suppression was still present in the PNs in glomerulus DM5. In glomerulus DM2 mixture interactions only occurred in PNs but not in OSNs (Figs. 1C, 2C ) indicating an effect of the AL network. There was no interaction in glomeruli X1 and DM3 in any of the tested neuron populations.
Because the measured response to the mixture was in all cases below the upper bound of the no-interaction interval, we conclude that no mixture synergism takes place in the fly AL for the mixture of 1-hexanol and 2-heptanone.
A glomerulus specific network alters the representation of single odors and mixtures in PNs
Are mixture interactions odor-dependent? Do they increase with increasing complexity of the mixture? To answer these questions we tested an additional set of odors and its binary and ternary mixtures. Because there were no cases of mixture synergism in the first set of experiments, odors were measured only at one concentration and the data were tested for mixture suppression only. Two sets of three odors were tested: the first set included 1-hexanol (X), 2-heptanone (N) and propionic acid (P), and the second set included isopentyl acetate (I), 1-butanol (B) and propionic acid. Eight glomeruli (DM2, DM3, DM5, DL5, VA1lm, X1, X2, and X3) (see Materials and Methods) responded reliably to at least one of the tested odors and were used for subsequent analysis. The spatial representation of B, I, P, all binary mixtures and the ternary mixture in OSNs and PNs is shown in Figure 3 , A and B. The response amplitudes for each single odor and the mixtures are shown in Figure 3C .
Interestingly the best odor for a given mixture in a given glomerulus was not always the same for OSNs and PNs. In glomerulus DM2, for example, responses to 1-butanol were higher than responses to isopentyl acetate in OSNs, but lower in PNs (Fig. 3C, (Or22a:Gal4+UAS:G-CaMP) (Or33b:Gal4+UAS:G-CaMP) Figure 2 . Mixture suppression at the OSN level in glomerulus DM5. A, Anatomical pictures and color-coded response patterns for 1-hexanol, 2-heptanone, and their mixture in flies where single classes of OSNs were labeled. Or22a:Gal4 was used to label OSNs innervating DM2 (left). Or33b:Gal4 was used to label OSNs innervating DM3 and DM5 (right). B, Median time traces of the responses to 2-heptanone (1ϫ and 2ϫ), 1-hexanol (1ϫ and 2ϫ), and the mixture (1ϫ ϩ 1ϫ) measured in glomeruli DM2, DM3, and DM5. The time of odor stimulation (1 s) is indicated by the black bar below each trace group. Scale: 2.5% ⌬F/F. n ϭ 14 animals for DM2; n ϭ 16 for DM3 and DM5. C, Box plot of the responses to the best odor at 1ϫ concentration (lower bound), the mixture (2hep ϩ 1hex; 1ϫ each), and the best odor at 2ϫ concentration (upper bound) in glomeruli DM2, DM3, and DM5. 2-Heptanone was the best odor for DM2 and DM3 and 1-hexanol for DM5. Asterisks indicate the case in which the response to the mixture was significantly lower than the lower bound ( p Ͻ 0.05, WilcoxonЈs test for paired samples).
supplemental Table 1 , available at www.jneurosci.org as supplemental material). These differences in the relative response magnitudes for different odors within a glomerulus are additional evidence that, even during stimulation with monomolecular odors, PN responses are shaped by the AL network, in such a way that the gain for each glomerulus is regulated in an odor-specific way.
We defined an interaction index as the difference between the lower bound and the measured response to the mixture. Positive interaction indices significantly higher than zero indicate mixture suppression. Interaction indices not significantly different from zero correspond to the cases where the response to the mixture is not significantly different from the lower bound, and might reflect weak mixture suppression (Duchamp-Viret et al., 2003) . Negative interaction indices significantly lower than zero indicate absence of mixture suppression. The interaction indices for all mixtures in OSNs and PNs are shown in Figure 3D .
The interaction profile was different in OSNs and PNs (Figs. 3D, 4B ). Although only two cases of mixture suppression were found in OSNs (both in glomerulus DL5), every glomerulus showed suppression for at least two mixtures in the PNs (Fig. 3D) . Some examples of the interaction dissimilarities between OSNs and PNs are shown in Figure 4 A.
In OSNs, we found cases with negative responses to one component of the mixture and positive or no responses to the other component. For example, in glomerulus X3, the response to propionic acid was negative but the response to 1-butanol was positive (Fig. 3C ). These cases, as well as cases where the responses to the mixture and both components were negative were excluded from the quantitative analysis used for the mixtures contain- ing activating components (see above). The analysis of those mixtures containing positive and negative components (Fig. 4 B) revealed no cases of mixture interactions, i.e., the responses to the mixtures were always within the no-interaction interval defined by the responses to the single components (supplemental Fig. 1C , available at www.jneurosci.org as supplemental material). Two mixtures contained negative components only (PI and NP in glomerulus X3). In both cases the response to the mixture was not significantly different from the response to the component with the strongest negative response. The differences between OSNs and PNs in their interaction profiles were statistically tested with a two-way ANOVA for each glomerulus (excluding the mixtures containing inhibiting components). The interaction between the factors (neuron type vs odor mixture) was significant in all glomeruli except X2. Post hoc paired comparisons show that the differences between OSNs and PNs are odor and glomerulus dependent. Therefore, at least part of these interactions must be mediated by a network that is not uniform across the AL.
Another analysis confirmed this observation: across all glomeruli, the interaction index was higher for the binary mixtures than for the ternary mixtures in OSNs, whereas at the PN level, the interaction index was higher for ternary mixtures than for binary mixtures (Fig. 5A) . Because the addition of a component to the mixture almost always implies an increase in the total input to the AL, an increase in mixture suppression with increasing mixture complexity could involve a global inhibitory network. However, because no significant correlation was found between the global input to the AL (measured as the cumulative OSN activity over all glomeruli) and the global interaction index in the PNs (measured as the cumulative interaction index over all glomeruli) (Fig. 5B ) (Spearman rank order correlation, p Ͼ 0.4), mixture suppression cannot be mediated only by a global network.
To investigate whether glomerulus-specific connections could explain the observed mixture interactions, we analyzed the correlation between the input (OSN response to the different mixtures) and the interaction index in the PNs for all glomerulus pairs. The result of this analysis is the matrix of correlation coefficients shown in Table 1 . A positive correlation coefficient (r ij Ͼ 0) indicates that the interaction index in a glomerulus i increases with increasing OSN activity in a glomerulus j and suggests the existence of inhibitory connections from glomerulus j to glomerulus i, either directly or via intermediaries. For example, increased activity in glomerulus DL5 is correlated with increased mixture suppression in glomerulus X3 (Fig. 5C , gray arrow from DL5 to X3). A negative correlation coefficient (r ij Ͻ 0) indicates that mixture suppression in a glomerulus i decreases with increasing OSN activity in a glomerulus j, and suggests the existence of excitatory connections from glomerulus j to glomerulus i; for example, input activity in glomerulus X3 is correlated with a decrease in mixture suppression in glomerulus DM5 (Fig. 5C , black arrow). These effects might be mediated by direct or indirect connections between the glomeruli, through which the input to one glomerulus influences the output from another glomerulus. Note that the relationships are not symmetrical. The model in Figure 5C , based on the correlation coefficients shown in Table 1 , shows that in most cases increased input to one glomerulus is correlated with a decrease of the mixture suppression in other glomeruli. Such glomeruli might be connected through excitatory LNs and/or a disinhibitory circuit of inhibitory LNs. Some inhibitory effects were found, which would point to the existence of glomerulus specific inhibitory connections (see Discussion). The response to the mixture was above the response to the best component (lower bound, the interactionindexwassignificantlyϽ0)inOSNsandbelowthelowerbound(interactionindexsignificantly Ͼ0)inPNs,indicatingmixturesuppressioninPNsonly.Middle,Responsesto1-butanol(B;bestodor in OSNs), propionic acid (P), isopentyl acetate (I; best odor in PNs) and their ternary mixture (BPI) in glomerulus DM2. The interaction index was not significantly different from 0 for the OSNs, and significantlyϾ0forthePNs,indicatingthatmixturesuppressionisstrongerinPNsthanOSNs.Notethatthe bestcomponentforthismixturedifferedbetweenOSNsandPNs.Bottom,Responsesto1-heptanone (N), propionic acid (P), and their binary mixture (NP) in glomerulus DM5. The interaction index was significantly Ͼ0 for the OSNs and not significantly different from 0 for the PNs, indicating mixture suppressionatOSNlevelbutnotatPNlevel.NotethatthebestcomponentwasPinOSNsandNinPNs. Median traces from nine flies for OSNs and 10 for PNs. B, Comparison of the interaction profiles between OSNs and PNs. A two-way ANOVA with the factors neuron type (levels: OSN and PN) and odor mixture(levels:BI,PI,PB,NX,NP,PX,BPI,andPNX)wasperformedforeachglomerulus,andfollowed by pairwise multiple comparisons (Holm-Sidak method). Black cells indicate significant differences between the interaction indices of OSNs and PNs, where the interaction index in PNs was higher than the interaction index in OSNs. Gray cells correspond to no significant differences between PNs and OSNs.Thewhitecellcorrespondstotheonlycaseinwhichtheinteractionindexwassignificantlylower inPNsthaninOSNs (DL5forNP;A,bottom) .Stripedcellsindicatecasesthatwereexcludedbecauseof the negative responses to at least one component. n OSN ϭ 9; n PN ϭ 10 -15.
Pharmacological manipulation of mixture interactions
The data provided so far show that inhibitory interactions among glomeruli (e.g., mixture suppression) influence odor responses in PNs. A large population of inhibitory interneurons is GABAergic. As in mammals, fast GABAergic inhibition in insects is mediated by PTX-sensitive GABA A -like receptors. We therefore analyzed PN response patterns induced by 1-hexanol, 2-heptanone and their mixture before and during application of PTX (Fig. 6) .
Application of PTX (5 M) did not qualitatively alter the population of activated glomeruli for the single odors or for the mixture: all glomeruli active in the absence of PTX (i.e., DM2, DM3, DM5, and X1) were also active during drug application and no additional glomeruli were recruited (Fig. 6 A) .
However, PTX significantly increased the responses in the strongest glomeruli for each odor, i.e., for 2-heptanone in glomeruli DM2 and DM3 (two-way repeated-measures ANOVA and planned comparisons, p Ͻ 0.001 and p Ͻ 0.05, respectively; n ϭ 15), and for 1-hexanol in glomeruli DM5 and X1 ( p Ͻ 0.05; n ϭ 15) (Fig. 6 B) . The amplitudes of the responses evoked by the mixture were significantly increased in all analyzed glomeruli ( p Ͻ 0.001 for DM2; p Ͻ 10 Ϫ4 for X1; p Ͻ 10 Ϫ6 for DM5; p Ͻ 10 Ϫ4 for DM3). PTX treatment did not only change the response amplitudes but also their time courses, unveiling the existence of a phasic component in odor responses (in the first 500 ms after stimulus onset), which is likely blocked by inhibitory input under control conditions (Fig. 6C) . Accordingly, the time to reach the maximum was shifted from ϳ1000 ms to ϳ500 ms after stimulus onset during PTX application (Fig. 6C,D) (two-way repeatedmeasures ANOVA, p Ͻ 0.001; n ϭ 15). The shift in the time to reach the maximum of the response was independent of the glomerulus and the odor (interaction treatment ϫ odor, p Ͼ 0.05 for all glomeruli).
Responses to the mixture before PTX application corresponded to the expected responses calculated from the components' responses. Thus, unlike the animals in the first experiment (Fig. 1C) , these animals did not show significant mixture suppression in any glomerulus. The pharmacological experiments (Fig. 6) were performed in spring and summer, whereas those shown in Figure 1 were performed in the preceding fall and winter. The genetic background of the fly strain could have drifted during this time period. Alternatively, the differences between the two independent experimental groups could suggest that olfactory networks within the AL are partially influenced by factors that we could not control, such as ambient air odors during development. In other words, there appears to be a plastic component in the AL, developmentally, environmentally, or otherwise, which we did not study here. During PTX application, however, responses to the mixture were significantly higher than the lower Figure 5 . Glomerulus-specific interactions shape mixture responses in PNs. A, Box plot of the interaction index for binary and ternary mixtures in OSNs and PNs pooled over all mixtures, glomeruli, and animals. The width of the boxes is proportional to the number of observations (binary OSN, n ϭ 432, 9 animals; ternary OSN, n ϭ 144, 9 animals; binary PN, n ϭ 558, 15 animals; ternary PN, n ϭ 186, 15 animals) (see Materials and Methods for details on the box-plot symbolism). Note that the interaction index is larger in PNs than in OSNs, and larger for ternary mixtures than for binary mixtures. B, Relationship between the global input to the AL 4 during mixture stimulation (cumulative OSN responses over all glomeruli), and the global interaction indexinthePNs(cumulativePNinteractionindicesoverallglomeruli).Nosignificantcorrelationcould be found between the two variables (Spearman rank order correlation, p Ͼ 0.4). Light gray symbols correspond to binary mixtures, and dark gray symbols correspond to ternary mixtures. C, Functional connectivity map reflecting the correlation analysis between the input to single glomeruli (OSN) and the interaction index in the PNs of single glomeruli (Table 1 ). Black arrows from glomerulus A to glomerulus B indicate cases in which the activity in glomerulus A positively affects the activity in glomerulus B (increased input to A correlates with decreased mixture suppression in B). Gray arrows indicate cases in which the activity of glomerulus A negatively affects the activity in glomerulus B (increased input to A correlates with increased mixture suppression in B). Glomeruli are arranged accordingtotheirpositionintheAL.WithintheAL,theseconnectionsneednotbedirect,butmightbe mediated via intermediary glomeruli.
bound in all measured glomeruli (Fig. 6C) (two-way repeatedmeasures ANOVA, n ϭ 15, p Ͻ 0.05 for DM2; p Ͻ 10 Ϫ4 for X1; p Ͻ 0.005 for DM5; p Ͻ 0.005 for DM3). This result shows that the magnitude of the inhibitory input blocked by PTX was higher during stimulation with a mixture than during stimulation with the single components. Thus, PTX treatment revealed a mixture suppression in all glomeruli that was invisible under control conditions. The fact that all glomeruli show a PTX sensitive inhibition and that the inhibition was stronger when more glomeruli were activated (single odor vs mixture) is in agreement with the existence of a global inhibitory network which receives input in all or most glomeruli and makes output onto all or most glomeruli. A global inhibitory network, however, cannot explain the effects found in the first two experiments, where mixture suppression was glomerulus specific and odor dependent. Thus, at least two different local networks must be independently shaping the PN responses in the fly AL: a PTX sensitive global network and a glomerulus specific network.
Discussion
We have analyzed the role of the AL network in odor processing using two approaches. First, we investigated the existence and sources of across-glomeruli interaction by comparing the responses to odorants and their mixtures. Second, we pharmacologically manipulated the AL network with a GABA A antagonist (PTX) and compared odor and mixture responses before and during drug application.
To assess the existence of mixture interactions we have chosen a simple and conservative hypothesis. For each glomerulus we have defined the response to the most potent odor as the lower bound of the no-interaction interval, and the response to a twofold higher concentration of the same odor as the upper bound. We argue that all responses that lie within this range can be fully predicted from the components' responses, in whichas responses that fall outside this interval represent cases of mixture interaction (modified from Tabor et al., 2004) . This is a conservative approach, which reduces the number of false positives, but might underestimate the occurrence of mixture interactions. For example, when both odors elicit a response, but the response to the mixture matches the lower bound of our estimation (i.e., the response to the strongest component), there is a weak mixture suppression (Duchamp-Viret et al., 2003) , but these cases would be ignored in our conservative analysis. Indeed, our pharmacological treatment with PTX (Fig. 6) shows that there are global inhibitory interactions that remain undetected with this conservative null hypothesis. Furthermore, as shown in Figures 1 and 2 , scattered light masks weak cases of mixture suppression in the experiment using mass staining of AL neurons. Therefore the significant effects found must reflect very strong cases of mixture interaction.
Glomerulus-specific interactions shape AL output OSN responses to mixtures could mostly be predicted from the components' responses, in agreement with previous findings (Tabor et al., 2004; Deisig et al., 2006; Carlsson et al., 2007 ). There were rare cases of mixture suppression in OSNs (e.g., the responses to the mixture of 1-hexanol and 2-heptanone in glomerulus DM5, Fig. 2 ). Different mechanisms could underlie mixture interactions in OSNs peripherally: (1) different odors might have different diffusion times in the fluid that surrounds the OSNs (Laing, 1987) , (2) mixture components might interact at the molecular level because of their receptor binding properties (Oka et al., 2004) , or (3) they might activate antagonistic or synergistic second messenger cascades (Duchamp-Viret et al., 2003) . Furthermore, presynaptic modulations at the axonal terminals are possible: (4) inhibitory input from the AL/OB network can reduce depolarization in OSN axons, thus reducing glomerular calcium signals of OSNs (Distler and Boeckh, 1997; Wachowiak et al., 2002; McGann et al., 2005; Wachowiak et al., 2005) . Additional experiments are required to understand these mixture interactions at the AL input.
In contrast, we found strong mixture interactions in PNs (Figs. 1, 3, and 4) , showing that these are mediated by the AL network. We did not find any case of mixture synergism. Inhibitory interactions (mixture suppression) were not globally distributed, but limited to certain glomeruli, depending on the mixture tested. We calculated the correlation between the input strength (OSN response) and the mixture interaction at the PN level (PN interaction index) for all glomeruli pairs. The result is a matrix of proposed between and within glomeruli effects (Table  1) . Activity in some glomeruli enhanced mixture suppression in others or themselves (cases with positive correlation coefficient, e.g., glomerulus DL5 onto VA1lm or glomerulus X3 onto itself). Activity in other glomeruli reduced mixture suppression in others or themselves (cases with negative correlation coefficients, e.g., glomerulus DM2 onto glomerulus DM5 or glomerulus VA1lm onto itself) (Fig. 5C ). Odor and glomerulus specific mixture suppression might result from dedicated, glomerulus specific inhibitory neurons or from the interplay between a global inhibitory network and glomerulus specific lateral excitatory input (Olsen et al., 2007 ) (see below). Such mixture suppression could contribute to the synthetic nature of odor perception, whereby odor blends often acquire a unique quality and are not perceived just as the sum of its components, sometimes to a degree where all information about the components is no longer perceptually available. (Fig. 5C ).
Fast GABA neurotransmission is involved in constitutive global inhibition and mixture suppression Previous studies have shown that GABA is one of the neurotransmitters involved in odor processing in the insect AL (Sachse and Galizia, 2002; Wilson and Laurent, 2005) . In our experiments, application of the GABA A antagonist PTX increased the amplitude of odor responses, modified their time courses and revealed mixture suppression. PTX had its strongest effect during the first 500 ms of the odor response, suggesting that GABA A receptors mediate an inhibitory input that suppresses the phasic component of odor responses in PNs. This result is consistent with previous pharmacological studies in Drosophila showing that PTX application only affects the early phase of the odor response, whereas blockers of metabotropic GABA receptors affect a later phase of the response (Wilson and Laurent, 2005) . LNs which respond to odors with short bouts of action potentials are known from electrophysiological recordings (Wilson et al., 2004) . It is possible that PTX blocks the inhibition of these LNs onto PNs or OSN axons.
The inhibitory network that is affected by PTX treatment is likely to be a functionally homogeneous, global network because the effect of PTX increased with stronger input to the AL. We thus conclude that a PTX sensitive global inhibitory network, which receives input in all or most glomeruli and gives output between the treatments (ringer vs PTX) (in all cases, p Ͻ 0.05) within each odor stimulus (two-way repeatedmeasures ANOVA and planned comparisons). Wash data were not included in the statistical test. Error bars indicate the SD of the mean (n ϭ 15). C, Effect of PTX on the time course of odor responses: median responses to 1-heptanone, 1-hexanol, and the mixture in glomeruli DM5 and DM2 before (ringer; gray line) and during application of PTX 5 M (black line) (n ϭ 15). The traces corresponding to the wash were excluded for clarity. The time of odor presentation (1 s) is indicated by the black bar under each trace. Scale: 2.5% ⌬F/F. Notice that PTX leads to an increase in response amplitude in particular within the first 500 ms. D, Time to maximum (mean Ϯ SD) of the odor response measured for 2-heptanone, 1-hexanol, and the mixture in glomeruli DM2, DM3, DM5, and X1. A two-way repeated-measures ANOVA indicated no significant difference in the time to maximum between the odors (1-hexanol, 2-heptanone, and mixture), but a significant difference in the time to maximum between the treatments (ringer and PTX; p Ͻ 0.05). No significant interaction was found between the two factors (odors and treatment). Each glomerulus was tested separately. As shown in C, the time to maximum is significantly longer before PTX application than during PTX application. This effect could be "washed out" to a certain degree (not tested).
in all or most glomeruli, constitutively suppresses odor responses in the AL. Although we cannot exclude that glomerulus specific effects are also mediated by fast GABA neurotransmission, our results provide no evidences in this direction.
Glomerular PN response patterns reflect the integrated input from OSNs, GABAergic multiglomerular LNs, and putative glomerulus-specific excitatory and/or inhibitory LNs. Because OSNs show almost no mixture suppression, mixture suppression in the PNs must reflect the integrated input from LN network. For example, global inhibitory input could suppress responses in all glomeruli (see Fig. 6 ) whereas glomerulus-specific excitatory input enhances responses only in a subgroup of glomeruli, thus creating a glomerulus specific interaction profile.
What is the neuronal substrate of mixture interactions? In flies, both GABAergic and cholinergic multiglomerular LNs have been described (Stocker, 1994; Ng et al., 2002; Shang et al., 2007) . Multiglomerular GABAergic LNs could fulfill the task of the global inhibitory network. Alternatively, the inhibitory global network may consist of a family of neurons with glomerulus specific connectivity. Furthermore, it has been proposed that multiglomerular cholinergic LNs could be involved in broadening the response profile of PNs (Shang et al., 2007) , and that broadening of PN response profiles occurs in a glomerulus dependent manner (Olsen et al., 2007) . LNs which innervate only a few glomeruli could be involved in such glomerulus-specific interactions. Alternatively, it is conceivable that multiglomerular LNs with widespread arborization possess electrical subcompartments and/or that their receptors and synapses are asymmetrically distributed along the branches, thus acting as functionally asymmetrical neurons despite their homogeneous morphology. Morphologically asymmetrical LNs, with dense innervation in one glomerulus and weak innervation in others, have been described in honeybees (Fonta et al., 1993) . These neurons could be involved in sharpening of PN response profiles (Sachse and Galizia, 2002; Galan et al., 2004; Linster et al., 2005) .
Together, we found evidences for several functional interaction modes in the Drosophila AL. Some interactions occur within olfactory glomeruli (see recurrent connections in Fig. 5C ). Others are global and sensitive to PTX and, thus, likely to be mediated by GABA A receptors. This network might mediate a global gain control or might be involved in action potential synchronization (Laurent, 1996; Christensen et al., 2003; Sachse and Galizia, 2006) . Finally, glomerulus-specific interactions were found, which could be mediated by inhibitory (Wilson and Laurent, 2005) , and excitatory connections (Shang et al., 2007) . Their role could be to decorrelate across-glomeruli patterns to increase the coding capacity of the system (Wilson et al., 2004; Linster et al., 2005) . Together, these networks create an astounding and as yet far from being understood computational complexity within the first olfactory neuropile of the fly.
